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Abstract 
Centre of gravity (CG) is one of the significant parameters of vehicle mass property related to vehicle handling. 
Position of CG in each direction (longitudinal, lateral and vertical) affects stability of the vehicle eventually. Change 
in CG position depends on different architectural arrangements of drive train and sub-systems which affect mass 
distribution of the vehicle. Being zero-emission technology, rapid commercialization of electric vehicle (EV) requires 
more emphasis on production of new automobiles and retrofitting as well. In case of retrofitting, placement of all EV 
drive train and other sub-systems requires both static and dynamic analysis for change in CG position due to different 
mass distributions. In this paper, analysis has been conducted by MATLAB SIMULINK based vehicle model to 
demonstrate effect of CG in vehicle maneuvering. Outcome of this investigation indicates the evaluation of different 
retrofitted EV architectures considering different mass distributions under the constraint of vehicle mass and 
dimension. This study evaluates vehicle performance with different architectures to ensure safe handling and stability 
in both normal and sudden maneuvering conditions of the vehicle. 
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1. Introduction 
Environmental awareness worldwide has influenced automotive industry to reduce carbon emission. 
That’s why full electric vehicles are becoming more popular as an alternative of conventional fossil fuel 
vehicles recently. To date, EV’s in comparison with ICEV’s (Internal Combustion Engine Vehicle) has 
intrinsic advantages such as EVs emit no tailpipe pollutants, although the power plant producing the 
electricity may emit them. To meet the lower carbon constraints target, commercialization of EV requires 
more attention in production of new vehicles and as well as in retrofitting of existing ICEV’s with electric 
drives to overcome its limitations of achieving required performance associated with vehicle cost [1]. But 
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for the time being, new EV from manufacturer is relatively expensive in comparison with conventional 
ICEV’s as automotive OEM’s are not going for mass production of new EV due to adaptation issues. 
Because of the cost concerns, new production of EV is not getting commercialized as required. At this 
stage, retrofitting of existing vehicles to electric drives is a feasible solution for rapid adaptation of EV as 
cost and time involved in retrofitting is much lower than that of new production. Concerns regarding 
vehicle performance, cost and infrastructure are still vital in case of retrofitting. Further research and 
development on vehicle performance is required to get retrofitting technology as more viable solution. 
Position of centre of gravity (CG) plays an important role in improving vehicle performance in terms 
of safe handling and stability. Mass distribution is one of the dependencies of locating the CG position in 
the vehicle. Architectural orientation of the vehicle determines the mass distribution of a vehicle and as 
well as the CG [2]. Placement of components along longitudinal, lateral and vertical direction of the 
vehicle regulates the mass distribution ratio of the vehicle in each direction [3]. Except mass distribution, 
there are other regulatory factors to control the position of CG. Those are: vehicle track width, vehicle 
weight, length of wheelbase, suspension system etc.  In case of retrofitting, length of wheelbase cannot be 
changed. A little modification can be achieved in track width by modifying the tire profile. Suspension 
system can also be changed by adding stiffer spring. So among these factors, mass distribution has an 
intrinsic effect in case of retrofitted EV. In this study, re-orientation of drive train components and other 
subsystems in different places of the vehicle has been considered to demonstrate the effect of changing 
position of CG. Handling characteristics of a road vehicle are concerned with two basic responses: control 
of the vehicle to a desired path, the other is the stabilization of the direction of motion against external 
disturbances. The objective of this research is to analyse the effect of changing CG on vehicle path while 
turning which will be useful to develop more robust control strategy for vehicle stability. 
2. Retrofitted EV Architecture 
Proper selection of EV architectural layout during retrofitting is important for better vehicle 
performance. Appropriate architectural layout or placing arrangement of drive train components directly 
affects the mass distribution as well as the CG of the vehicle. First concern in retrofitting is the removal 
of engine and engine driven accessories which are major weight items of conventional ICEV’s. 
Transmission system (gear box), cooling system (radiator), battery and IC Engine itself are the main items 
which are required to be removed from the vehicle during retrofitting. Second concern is the addition of 
EV drive train and subsystems to the vehicle. EV drive train and subsystems include electric motor, 
control systems, battery pack and accessories. As major removing weight, engine, radiator, gear box and 
car battery are taken under consideration in this study. And as foremost weight items to be added, battery 
pack and accessories, electric motor and control systems including other vehicle parameters are analysed 
in this research as list in table 1 below. 
Table 1: List of removed and added items and vehicle parameters and specifications for analysis 
Vehicle Parameter and Specification 
Initial Vehicle Weight  1250 kg Removed 
Items 
Weight 
(kg) 
Added 
Items 
Weight 
(kg) 
    Engine 150 Battery  250 
Radiator 10 Motors (2) 50 
Gear Box 10 Controllers 30 
Battery 8   
Wheelbase 2400 mm 
Track Length 1400 mm 
Steering Angle 2º 
Ground Clearance 130 mm 
Vehicle Height 1500 mm 
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In this research, two electric motors inside two wheels (Front or Rear) are considered to achieve 
maximum torque generation and energy efficiency as each drive wheel can be operated independently. 
And another advantage of direct-drive in-wheel electric motor technology is the reduction of losses due to 
power transmission since packaging of gearboxes, differentials, drive shafts and axles becomes redundant 
[1]. This also simplifies the arrangement as more space can be attained for placement of other EV drive 
train subsystems. Moreover, additional space will accommodate larger battery pack which can enhance 
the energy storing capacity of the vehicle and hence resolve the range anxiety associated with EV. Hence, 
three major spaces have been considered to design the architectural layout in the vehicle. Those are: front 
engine bay (1), mid-area of the vehicle under the seats (2) and rear boot compromising luggage space (3). 
3. Mass Distribution and the Centre of Gravity 
Battery pack is the major weight item involved with approximately 20-25% of total weight of small 
size vehicle available in the market. So, moving the battery pack along the vehicle has a great impact on 
the mass distribution in each direction. Here, three longitudinal mass distribution ratio of front and rear of 
the vehicle have been attained as around 60:40, 50:50 and 40:60 by placing the battery pack at front, mid 
and rear side of the vehicle accordingly. Lateral mass distribution of the vehicle is an important factor 
during cornering for easy manoeuver. It is crucial to maintain lateral mass distribution equal to both sides. 
When vehicle starts turning, weight transfer occurs in lateral direction towards the outside tires of the 
vehicle. If the mass distribution is not equal in left and right side of the vehicle, one side of tires face 
intrinsic amount of weight force during either left or right turn. Huge amount of weight transfer towards 
one side of tires can cause skidding [4-6]. In this case, all three layouts with different longitudinal mass 
distributions, lateral placing arrangement of the components has been maintained as 50:50 left to right. In 
each layout, extra weight added during retrofitting is distributed equally in both left and right side of the 
vehicle. 
3.1. Calculation of Longitudinal and Vertical CG 
All removed and added items have been considered in calculating CG in longitudinal (X) and vertical 
(Z) direction. Mass of each item and corresponding CG distance from selected reference determines the 
CG position of the whole vehicle accordingly in both directions.  Front axle is assumed as longitudinal 
reference and ground is as vertical reference for CG calculation. Equation used to calculate position of 
CG in longitudinal direction is:  
              (1)
Hence, X = Distance of CG from front axle, M = Vehicle weight, n = No. of item, m n = Mass of 
component, x n = Corresponding CG distance of component from front axle.  
Equation used to calculate position of CG in vertical direction is:  
                       (2) 
Hence, Z = Distance of CG from ground, M = Vehicle weight, n = No. of item, m n = Mass of 
component, z n = Corresponding CG distance of component from ground. 
Longitudinal and vertical positions of CG are calculated by using MATLAB. Weights of removed and 
added items are used as listed in table 1. Table 2 below shows three architectural layouts with all 
calculated properties. 
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Table 2: Architectural Layouts and descriptions 
Layout 1 Layout 2 Layout 3 
Figure 1: CAD Model of layout-1 [7] Figure 2: CAD Model of Layout-2 [7] Figure 3: CAD Model of Layout 3 [7]
Battery
position
At Front  Bay of the vehicle At mid area (Under the  seats) At rear of the vehicle (Boot)
Motor 
Position
Inside the Rear Wheel Inside the Rear Wheel Inside the Rear Wheel
Controll
er
Position
Rear of the vehicle (Boot) Rear of the vehicle (Boot) Front of the vehicle (Engine 
Bay)
Mass
Distribut
ion Ratio
60:40 ( Longitudinal, F/R) 
50:50 (Lateral) 
48:52 ( Longitudinal, F/R) 
50:50 (Lateral) 
36:64 ( Longitudinal, F/R) 
50:50 (Lateral) 
CG
position, 
Long. 
963 mm (From Front Axle) 1260 mm (From Front Axle) 1570 mm (From Front Axle) 
CG
position, 
Lateral 
700 mm (From Both Side) 700 mm (From Both Side) 700 mm (From Both Side) 
CG
position, 
Vertical 
570 mm (From Ground) 546 mm (From Ground) 573 mm (From Ground) 
4. Vehicle Model and Simulation 
A model based simulation using MATLAB SIMULINK is presented in this paper to demonstrate the 
effect of changing position of CG during cornering of the vehicle in terms of vehicle stability. This model, 
shown in figure 4 consists of different component blocks such as axle, wheels, body, to simulate the 
trajectory of the vehicle in different mass distribution situations considering turn manoeuvre. To analyse 
the effect of different mass distribution on vehicle stability while turning, forces are applied on the wheel 
of the model vehicle in both longitudinal (X) and lateral (Y) directions [8, 9]. Forces applied in X 
direction have been modelled by following torque generation characteristics of electric motor. In this 
simulation, vehicle speed and yaw rate are attained by using body sensor in the model. To get the yaw 
rate this sensor measures angular velocity of the vehicle about its vertical axis. The main purpose of using 
this sensor is to determine the orientation of the vehicle as it starts to roll over [10]. This determines the 
radius of the curved path followed by the vehicle while turning. The equation used to calculate the radius 
of the curved path is: 
                (3)
 Where, R = Radius of the curved path,  V x = Vehicle Speed, Y = Yaw Rate.     
RearRear RearFront FrontFront
Battery 
Controller 
Motor 
Battery 
Battery 
Controller 
Motor 
Motor 
Controller 
H. Mazumder et al.\ / Energy Procedia 14 (2012) 949 – 954 953
 Himani Mazumder/ Energy Procedia 00 (2011) 000–000 5
Figure 4: Model of Vehicle. 
5. Results and Analysis 
Different scenarios are taken into consideration incorporating with load distribution in this vehicle 
simulation. Hence, it is assumed that there is no moving load on any of the axle (passenger and luggage) 
and vehicle is steering on a plain road with zero degree inclined angle. In case of the weight force acting 
on each tire, only longitudinal load distribution has been considered. X-Y plot demonstrates different 
effects for different mass distributions and CG positions on vehicle trajectory as shown in figure 5, 6, 7.  
   Figure 5: Over steering (Layout 1)     Figure 6: Neutral Steering (Layout 2)      Figure 7: Under steering (Layout 3)
For architectural layout 1 with 60% of total weight at the front, vehicle gets over steered while turning as 
shown in figure 5. As front of the vehicle is loaded with the major portion of the vehicle weight, rear tires 
face greater slip angle (the angle of the vector sum of wheel translational velocity  and sideslip 
velocity  ) than the front tires due to weight forces on the tires. For architectural layout 2 involving 50% 
of total weight at the front, behaviour of the vehicle while turning is close to neutral with slight over 
steering as shown in figure 6. That means vehicle nearly follows the estimated path for a given steering 
angle with this weight distribution layout. In this case front and rear tires face almost equal amount of 
weight forces in static condition. In dynamic condition, front tires experience more weight than rear tires 
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due to weight transfer effect. Hence, this causes slight over steering. But as the amount of weight forces 
acting on the front tires in this case is much lower than the layout 1 situation, there is only a little 
difference between front and rear tire slip angles in layout 2. In case of architectural layout 3 with only 
40% of the total weight at front, vehicle gets under steered as shown in figure 7. Here, rear tires face 
major portion of the vehicle weight which causes a greater slip angle created by front tires than rear tires. 
In this situation, vehicle follows a curved path of larger radius than the projected trajectory of the vehicle.  
6. Conclusion 
This is a parameter-based study which indicates the changing manoeuvring condition in different mass 
distribution situations along with altering position of CG of a vehicle. Hence, different architectural 
layouts or placing of drive train components and subsystems of retrofitted EV have been considered as 
parameter to analyse the effect of changing position of CG on the behaviour of the vehicle in dynamic 
condition. Simulation gives noticeable output for vehicle stability control. Effect of shifting CG due to 
mass distribution has shown using simulation. The vertical forces on the tires changes as centre of gravity 
shifts. From the result of this analysis, three scenarios of vehicle handling are shown in figure in three 
different mass distribution conditions. Further work can be done considering other parameters which can 
regulate the position of CG and calculation of suspension system including spring stiffness, properties of 
damper, tire profiles etc. to control the weight transfer effect in dynamic condition for more robust 
stability controller to ensure safe vehicle handling.  
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